A large fraction of hereditary demyelinating neuropathies, classified as Charcot-Marie-Tooth disease type 1A, is associated with misexpression of peripheral myelin protein 22. In this study, we characterized morphologic and biochemical changes that occur with disease progression in neuromuscular tissue of Trembler-J mice, a spontaneous rodent model of Charcot-Marie-Tooth disease type 1A. Using age-matched, 2-and 10-month-old, wild-type and Trembler-J mice, we observed neuromuscular deficits that progress from distal to proximal regions. The impairments in motor performance are underlined by degenerative events at distal nerve segments and structural alterations at nerve-muscle synapses. Furthermore, skeletal muscle of affected mice showed reduced myofiber diameter, increased expression of the muscle atrophy marker muscle ring-finger protein 1, and fiber type switching. A dietary intervention of intermittent fasting attenuated these progressive changes and supported distal nerve myelination and neuromuscular junction integrity. In addition to the well-characterized demyelination aspects of this model, our investigations identified distinct degenerative events in distal nerves and muscle of affected neuropathic mice. Therefore, therapeutic studies aimed at slowing or reversing the neuropathic features of these disorders should include the examination of muscle tissue, as well as neuromuscular contact sites.
INTRODUCTION
Hereditary demyelinating peripheral neuropathies afflict approximately 1:2500 in the general population (1) and can have significant impact on the quality of life. Patients with these diseases present with slowed nerve conduction velocity caused by myelin abnormalities and axonal degeneration that result in sensory and motor disturbances (2) . Changes in neuromuscular physiology include decreased compound muscle amplitudes and smaller motor unit number estimates, both indicative of decreased innervation (3) . These abnormalities contribute to the clinical manifestations of the disease, including foot drop, muscle weakness, and atrophy (4) . Deficits in skeletal muscle performance progress with age and are first noticeable in the distal regions of the leg, with advancement into proximal areas (3) . In some cases, the disease involves the diaphragm, leading to compromised respiratory function (5) . Rodents that model these disorders have been well characterized with respect to myelin deficits and Schwann cell abnormalities (6, 7); however, little is known about the involvement of the neuromuscular system in disease progression.
A common form of hereditary neuropathy is CharcotMarie-Tooth disease type 1A (CMT1A), which is linked to misexpression of peripheral myelin protein 22 (PMP22) (8) . Although most patients harbor duplication of the PMP22 gene, mutations such as a leucine to proline substitution at amino acid 16 (Leu16Pro) have also been found in human pedigrees and are modeled by the spontaneous mouse mutant Trembler-J (TrJ) (9, 10) . This mutation is located in the first transmembrane domain of PMP22 and affects the processing and trafficking of the protein (11, 12) . In Schwann cells from sciatic nerves of neuropathic mice, PMP22 undergoes altered processing and has a propensity to aggregate (13, 14) . Even in normal Schwann cells, PMP22 folds with modest efficiency, with only a small portion of the newly synthesized protein acquiring complex glycosylation and incorporating into myelin (15) . In addition, PMP22 harboring the Leu16Pro mutation expressed in TrJ mice has been shown to affect the trafficking of the wild-type (Wt) protein, which occurs through dimerization (11) . Homozygous TrJ mice die before 3 weeks of age, but heterozygous littermates can live past 18 months and exhibit many of the disease phenotypes seen in humans (16, 17) . Affected mice show abnormal gait and tremor as early as 1 month of age, and the neuropathologic findings include reduced axonal diameter, Schwann cell overproliferation, demyelinated axons, and an increase in extracellular collagen deposits (16, 18) . It has been hypothesized that these changes in nerve morphology may compromise muscle innervation, as suggested by electromyography (19) .
In addition to genetic defects, aging has an impact on peripheral nerve health and function, as well as on nerve-muscle connections. In aged rodents, proximal nerve segments show myelin degeneration, widening of the nodes of Ranvier, and an increase in markers of oxidative damage and immune cell infiltration (20, 21) . Muscle innervation becomes compromised over time, with fast-type muscle fibers losing innervation first and then the nerves in slow-type myofibers branching out to compensate for the loss (22) . The specialized synapse of peripheral nerves and muscle, the neuromuscular junction (NMJ), shows altered morphology in samples from aged rodents, including axonal thinning and retraction (23) . Exercise and calorie reduction are 2 interventions that are known to slow or reverse age-associated degenerative events in multiple tissues, including in the neuromuscular system (20, 23) . Specifically, in rodent models of aging, a lifelong calorie restriction supports the structural integrity of myelinated nerves and NMJs (23) , whereas an intermittent fasting (IF) (24) regimen slows degenerative events in myelinated nerves of TrJ mice (25) .
Although the abnormalities in nerve morphology are well documented in PMP22-linked neuropathic models, there are few reports on examining distal regions of neuromuscular tissue. Here, we studied TrJ mice during a life span of 8 months and examined neuromuscular function, distal nerve myelination, muscle innervation, as well as NMJ integrity at 2, 5, and 10 months of age. In an additional cohort of animals, we asked whether the behavioral improvements seen in diet-restricted TrJ mice were underlined by improvements in neuromuscular pathology.
MATERIALS AND METHODS

Mouse Colonies and Experimental Design
Age-matched male Wt and heterozygous TrJ mice on the C57BL/6J background (The Jackson Laboratory, Bar Harbor, ME) were offspring from our breeding colony maintained in the McKnight Brain Institute animal facility under specific pathogen-free conditions on a 7:00 AM-7:00 PM light cycle. The University of Florida Institutional Animal Care and Use Committee approved the use of laboratory animals for these studies. For genotyping, DNA was isolated from tail biopsies of 6-to 10-day-old pups, and the Leu16Pro mutation was identified by polymerase chain reaction (18) . At 9 weeks of age, a cohort of mice was placed on a 5-month-long IF regimen, as described (25) .
Behavioral Analyses Rotarod Test
Age-matched, male, Wt and TrJ mice were tested at 2, 5, and 10 months on the accelerating Rotarod (Ugo Basile, Camerio VA, Italy) using established procedures (25, 26) . Briefly, mice were trained on the Rotarod for 2 consecutive days at constant speed (5 rpm for 60 seconds), and on the third day, they were tested on an accelerating Rotarod (4Y35 rpm during a 300-second period). The animals completed 3 trials, with a 1-hour rest between trials.
Grip Strength
Forelimb grip strength was measured as tensile force (in pounds) on the Chatillon DFE series Digital Force Gauge apparatus (Chatillon Systems, AMETEK Inc., FL) (25) . A stainless steel triangle ring was attached to the device. The mouse was gently led to the ring, and front paws were placed in the middle of the triangle ring. Once the grip was established, the mouse was pulled backward until the grip was released. Animals performed 3 trials, with a 5-minute rest between trials.
Rearing Analysis
To measure hindlimb strength, mice were tested for rearing behavior, as described (27) . Briefly, mice were placed in a glass cylinder, which is a novel environment to facilitate natural rearing behavior. A rearing event is defined as standing on the hindlimbs while touching the side of the cylinder with at least 1 front paw. The number of rears was recorded for 10 minutes, with each mouse performing 3 trials with a 20-minute rest between trials.
Primary Antibodies
Chicken antiYphosphorylated neurofilament heavy chain (pNFH) and antiYprotein 0 (P0) (Western blot) were obtained from Encor Biotechnology, Inc. (Gainesville, FL). Rabbit antiYgrowth-associated protein 43 (GAP43) antibodies were from Abcam (Cambridge, MA). Monoclonal SMI clone 32 antibody from Covance (Princeton, NJ) was used to detect hypophosphorylated neurofilament proteins. For the detection of myelin basic protein (MBP), we used rat (immunolabeling) and rabbit (Western blot) antibodies, both from Chemicon (Temecula, CA). For muscle tissue analyses, rabbit anti-dystrophin (Abcam) and antiYmuscle ring-finger protein 1 (MuRF1; Santa Cruz Biotechnology, Santa Cruz, CA) antibodies were used. For fiber typing, A4.840 (type I) and SC-71 (type IIa) antibody clones from the Developmental Studies Hybridoma Bank (Iowa City, IA) were used.
Immunohistologic Analyses
Freshly collected whole-soleus muscles (with skin attached for reference) were frozen by immersion in Optimal Cutting Temperature compound cooled with liquid N 2 . Samples were sectioned (10-to 20-Km thick) using a Leica CM1850 cryostat and dried onto Superfrost plus slides for 1 hour. Sections were then fixed in 4% paraformaldehyde for 15 minutes, rinsed in PBS, and permeabilized using 100% cold methanol. After blocking with 20% goat serum in PBS for 1 hour, sections were incubated with the indicated primary antibodies overnight at 4-C. The following day, the samples were reacted with the appropriate secondary antibodies, and acetylcholine receptors were identified with Alexa-fluor 594Yconjugated >-bungarotoxin (>-BTX) (Invitrogen, Grand Island, NY). Nuclei were stained with Hoechst dye (Molecular Probes, Eugene, OR), and coverslips were mounted using a Promega anti-fade kit (Molecular Probes). Tissue sections were imaged using either a Spot camera attached to a Nikon Eclipse E800 microscope or an Olympus DSU spinning disc confocal camera using Slidebook software and deconvoluted using the standard nearest neighbor algorithm. For semiquantitative assessment, NMJs were identified and analyzed by a blind evaluator, as described (23, 28, 29) . Briefly, intact NMJs included >-BTX in close proximity to pNFH-like immunoreactivity, whereas denervated NMJs were classified as >-BTX labeling without at least 50% of the junction closely adjacent to neurofilament heavy-chain (NFH)Ylike staining. Axonal sprouting was identified by anti-GAP43 antibodyYreactive fibers at the nerve terminals. The percent of intact and vacant junctions versus total junctions in multiple tissue slices were determined for at least 4 mice per age group and genotype. The total number of junctions analyzed per each animal was at least 50.
For quantification of myofiber diameter, 10-Km-thick cross sections of soleus muscles from Wt and TrJ mice were labeled with an anti-dystrophin antibody. Sections from 4 mice per genotype and age were quantified using ImageJ. At least 30 fibers were counted per mouse, and the average diameter per mouse was calculated. For assessment of fiber types in soleus and extensor digitorum longus (EDL) muscles from Wt and TrJ mice, cross sections were stained with antibodies against myosin heavy-chain 2A (type II) or myosin (type I). For each muscle section, the number of type I and type II fibers was quantified and graphed as percentage of total. At least 3 sections from 3 different mice per age and genotype were assessed.
Biochemical Analyses
Frozen soleus muscles and front and hind paws (3Y4 animals from each genotype per age group) were crushed in liquid N 2 and solubilized in tissue lysis buffer supplemented with complete protease inhibitor cocktail (Pierce, Rockford, IL) and phosphatase inhibitor (Sigma, St. Louis, MO). Protein contents of the lysates were determined using the bicinchoninic acid assay kit (Pierce). Muscle (20 Kg for muscle and neurofilament proteins, 40 Kg for myelin proteins) and paw (40 Kg for both neurofilament and myelin proteins) tissue lysates were fractionated by electrophoresis using polyacrylamide gels and then transferred to polyvinylidene fluoride membranes. After blocking in 5% nonfat milk in Tris-buffered saline and 0.2% Tween-20, the membranes were incubated with the indicated antibodies overnight at 4-C in 5% bovine serum albumin. Bound primary antibodies were detected using anti-rabbit, anti-chicken, anti-mouse, or antiYrat horseradish peroxidaseYconjugated secondary antibodies (Cell Signaling, Danvers, MA) and an enhanced chemiluminescent substrate (Perkin Elmer, Boston, MA). Films were digitally imaged using a GS-800 densitometer (Bio-Rad), and bands were quantified using ImageJ. Semiquantitative analyses of the films were performed after correction for protein loading using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and normalizing to values of Wt at 2 months of age. Results were verified by repeating the same analyses for each tested antigen on 3 or more independent Western blots on protein samples from different mice. For the IF study, the levels of the studied proteins were normalized to values of Wt using arbitrary units.
Statistical Analyses
For the accelerating Rotarod behavior study, 2-way analysis of variance (ANOVA) was used to assess main effects of interactions and also differences between genotypes at each age. For the other behavior studies and for semiquantitative comparisons, Student t-test from GraphPad prism software (San Diego, CA) was used. When applicable, statistically 
-test).
There is no significant change in forelimb grip strength with age in either genotype. n = 5 to 6 mice/genotype/age group. significant age effects on the studied parameters are indicated with #.
RESULTS
Trembler-J Mice Exhibit Age-Related Declines in Locomotor Performance and Muscle Strength
To assess skeletal muscle function and distal-toproximal disease progression, we tested age-matched male Wt and TrJ neuropathic mice at 2, 5, and 10 months of age on 3 different motor behavior tasks ( Fig. 1) . At the youngest age tested (2 months), TrJ mice were already significantly impaired in their ability to stay on the accelerating Rotarod, with a latency to fall differential of 80 seconds, as compared with Wt ( Fig. 1A ; *** p G 0.001). This finding is in agreement with previous studies using similar aged mice (25, 30, 31) . At 5 months of age, TrJ mice continued to show a significant impairment and a decline (# p G 0.05) in latency to fall and performed similarly poorly at the oldest age tested, 10 months. During the same 8-month life span, Wt mice maintained performance on the Rotarod without a significant decline. In agreement with the progressive nature of the neuropathy, the differences in performance between the groups became more significant when compared over time (2-way ANOVA, *** p G 0.001).
To assess neuropathy-related weakness in specific muscle groups, we analyzed hindlimb and forepaw strength using the rearing task (27) and grip strength measures, respectively. Similar to the accelerating Rotarod, there was a genotype effect on rearing task performance throughout the testing, including at 2 months of age (** p G 0.01; Fig. 1B ). In addition, neuropathic mice perform significantly worse at 10 months compared with 2 months (# p G 0.01), indicating progressive weakness of the hindlimbs. In comparison with the Rotarod or rearing tests, we found no significant difference in forepaw grip strength between Wt and neuropathic mice at 2 months of age (Fig. 1C) , but at 5 months, the forepaw grip strength of neuropathic mice became weaker and remained impaired at 10 months versus age-matched Wt (Fig. 1C) . Together, these results show that, between the ages of 2 to 10 months, TrJ mice display significant deficits in neuromuscular performance on tests that require muscles of the hindlimbs and only began to show impairment in forelimb strength beginning at 5 months of age.
Distal Nerve Demyelination and Axonal Degeneration in the Soleus Muscle of Neuropathic Mice
Proximal segments of the sciatic nerve from TrJ neuropathic mice show abnormalities as early as 1 month of age (18, 32, 33) . To elucidate the distal degenerative events that may underlie the observed neuromuscular deficits, we analyzed the myelin and neuronal protein content of the soleus muscle (which is innervated by branches of the tibial nerve) from 2-and 10-month-old mice. We chose the soleus muscle for assessing distal innervation because it is a well-characterized muscle in normal rodents, as well as in aging and in diseases involving nerve degeneration (29) . In wholeYsoleus muscle tissue lysates from neuropathic mice, we found a notable decrease in MBP expression at 2 months of age, with nearly complete absence of the protein at 10 months ( Fig. 2A) . Semiquantitative analyses of independent blots from different samples revealed significant reductions in MBP in neuropathic mice at 2 and 10 months of age versus Wt, as well as a decline with age (Fig. 2B) . P0 levels seemed to be less affected at 2 months but were significantly reduced in the older neuropathic mice, a trend that was confirmed on semiquantitative analyses of independent samples ( Fig. 2A, B) . The pronounced reduction in MBP in 2-month-old TrJ mice is in agreement with the primary dysmyelinating pathology observed in proximal segments of affected sciatic nerves (18) .
Next, we examined axonal protein content within the same soleus muscle lysates using a panel of antibodies (Fig. 2C) . The levels of pNFH were reduced in samples from neuropathic mice at both ages, whereas SMI32-reactive hypophosphorylated neurofilament levels were elevated (Fig. 2C) . Because terminal axon sprouting has been reported in skeletal muscle of neuropathic mice (28) , as well as in aged rodents (23), we also studied the expression of GAP43 (34) , which, in some samples, seemed elevated. However, quantitative analyses of independent samples did not confirm this to be significant. In comparison, the observed decrease in pNFH and increase in SMI32-reactive proteins were significant in samples from 10-month-old TrJ mice (** p G 0.01; Fig. 2D ). In addition, there was an age-associated decrease in pNFH (Fig. 2D, C) . Quantification of myofiber diameter (mm) shows a significant decrease at 10 months in sections from TrJ mice versus Wt (Student t-test, * p G 0.05). There was no effect of age on fiber diameter in Wt mice, whereas in TrJ mice, there was a significant decrease in fiber diameter at 10 months versus 2 months (Student t-test, # p G 0.01). (C) WholeYsoleus muscle lysates (20 Kg per lane) were probed for muscle ring-finger protein 1 (MuRF1); glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was the protein loading control.
Molecular mass in kilodaltons. (D) Semiquantitative analysis of MuRF1 expression (Student t-test, ** p G 0.01). (E, F)
The percentage of type I (A4.840, red) and type II (Sc-71, green) myofibers within the soleus (E) and extensor digitorum longus (EDL) (F) muscles were quantified. In the soleus (E), the percentage of type I fibers shows a significant increase with age in both Wt and TrJ, which is highly significant in the neuropathic condition. In addition, at 10 months, there was a significant increase in the percentage of slow-type fibers in TrJ mice versus Wt (Student t-test, * p G 0.05; # p G 0.01). The percentage of type I fibers in the EDL of TrJ mice is higher at 2 and 10 months of age versus age-matched Wt (Student t-test, ** p G 0.01) (F).
Affected mice show deficits at 2 months of age on the rearing task and the accelerating Rotarod (Fig. 1) , both of which require coordinated movement of all muscle groups in the hind paws. To examine myelination and innervation in the hind (H) and forepaws (F), we analyzed whole-tissue lysates from Wt and affected mice (Fig. 2E, F) . At 2 months of age, both front and hind paws of TrJ mice showed pronounced reduction in pNFH, P0, and MBP versus Wt littermates (Fig. 2E) . The reduction in pNFH seemed to be more pronounced in the hind paw as compared with the front paw, while the myelin proteins are severely reduced in both limbs. At 10 months of age, the expression levels of all 3 proteins were further reduced in the neuropathic samples (Fig. 2F) . In fact, under the described experimental conditions, the analyzed proteins were barely detectable in the hind paws, indicating a near complete loss of myelinated nerves in distal regions.
To complement the biochemical studies, we examined the soleus muscles of 2-and 10-month-old Wt and TrJ mice by immunohistochemistry using antibodies against myelin and axonal proteins (Fig. 3) . In longitudinal sections from young Wt mice, the majority of pNFH-reactive axons were myelinated, as evidenced by ensheathment with MBP-positive Schwann cells (Fig. 3A) . Nonmyelinated axons were also present in the muscle tissue. In comparison, the samples from a 2-month-old TrJ mouse showed evidence of segmental demyelination (Fig. 3A) . In agreement with the pronounced reduction in myelin proteins at 10 months of age ( Fig. 2A) , we found evidence of segmental demyelination in the muscle tissue from TrJ mice, where many of the pNFH-reactive fibers were devoid of myelin (Fig. 3A, arrowheads) . Because biochemical analyses of the soleus muscle revealed some variation in GAP43 between samples from Wt and TrJ mice (Fig. 2C) , we stained muscle tissue sections for GAP43 (Fig. 3B) . At 2 months of age, GAP43-like staining was observed in close proximity to the postsynaptic acetylcholine receptors in TrJ mice, both within terminal nerve fibers (Fig. 3B, arrowhead) and at the junction (Fig. 3B, arrows) . At 10 months of age, GAP43-positive sprouting was still absent in Wt mice at the NMJs but was present in affected mice (Fig. 3B, arrow) . These data indicate that, in neuropathic mice, morphologic and biochemical changes are occurring along the entire length of the nerve, including segmental demyelination in proximal regions (18) and terminal sprouting at distal sites.
Neuromuscular Junction Abnormalities and Muscle Atrophy in Affected Mice
In normal aging and disease models, the NMJ is susceptible to denervation and morphologic alterations (23, 29) . To assess the integrity of NMJs within skeletal muscle tissue of TrJ neuropathic mice, whole-soleus mounts were stained with anti-pNFH antibody and >-BTX (Fig. 4A, Bµ) . In muscles from 10-month-old Wt mice, the innervation of the NMJ seemed intact, as indicated by the close apposition of pNFHreactive nerve terminals with postsynaptic acetylcholine receptor clusters (Fig. 4A) . In comparison, skeletal muscle from 10-month-old TrJ mice showed a number of abnormalities, including nerve terminal sprouting (Fig. 4B) , axonal thinning (Fig. 4B ¶) , and nerve retraction (Fig. 4Bµ) . These pronounced morphologic changes at nerve-muscle synapses are in agreement with the behavioral deficits seen in these animals (Fig. 1) . To determine if the observed changes are statistically significant, we analyzed muscle tissue sections from multiple age-matched Wt and TrJ mice. Using published methodologies (23, 28) , we found that the percentage of intact NMJs, compared with the total number of junctions, was significantly lower in affected samples at 10 months versus agematched Wt mice (Fig. 4C) . Furthermore, there was a highly significant drop-off in the percentage of intact junctions between 5 and 10 months of age, which correlates with poor performance of TrJ mice on the Rotarod and rearing tasks (Fig. 1) .
Demyelination and subsequent denervation have been linked to muscle atrophy and changes in muscle composition (35) . To examine whether there was skeletal muscle atrophy in TrJ neuropathic mice, we studied several parameters: myofiber diameter, protein markers of atrophy, and myofibertype composition (Fig. 5) . To delineate myofiber diameter, we used an antibody against dystrophin, which connects the cytoskeleton of the muscle fiber to the extracellular matrix (36) . On cross-sectional views, fiber diameters in age-matched young Wt and TrJ mice seemed similar, but at 10 months, there was a notable variation between the genotypes (Fig. 5A) . Quantification in samples from 4 mice per age and genotype revealed a significant decrease in myofiber diameter in 10-month-old TrJ mice versus Wt (Fig. 5B) . Moreover, in agreement with the progressive nature of the neuropathy, there was a significant increase in myofiber atrophy between the ages of 2 and 10 months ( Fig. 5B ; # p G 0.01). To examine changes in muscle fiber integrity, we used antibodies against MuRF1, an E3 ubiquitin ligase that is upregulated in skeletal muscles undergoing atrophy (37, 38) . As shown on the Western blots, in whole-protein lysates of soleus muscles, we detected a pronounced increase in MuRF1 protein expression in affected mice, which was significant at 10 months (Fig. 5C, D) . Together, these data illustrate myofiber atrophy in response to demyelination-induced denervation in adult TrJ neuropathic mice.
Neuropathic phenotypes are known to elicit heterogeneous changes in skeletal muscle tissue, including a switch from fast type II to slow type I fibers (35) . Typically, nerves innervating fast muscle fibers degenerate first, which leads to a switch in muscle fiber types, as seen in mouse models of amyotrophic lateral sclerosis (29) . We examined whether the soleus (composed of type I and II fibers) and EDL (primarily fast-type fibers) undergo fiber type switching in our model by histologic examination of fiber typeYspecific proteins (Fig. 5E, F) . In the soleus at 2 months of age, the abundance of type I and II fibers was similar in Wt and affected mice; however, at the later time point, type I fibers predominated in both genotypes (Fig. 5E) . Quantification of the percentage of type I fibers in independent samples revealed significant age-associated increases in both Wt and TrJ mice (Fig. 5E) . In affected mice, more than 70% of the myofibers were identified as type I in the soleus at 10 months. In Wt mice, the EDL muscle contained less than 5% slowtype fibers at both ages (Fig. 5F ), which is in stark contrast to TrJ mice, which had a significant increase in the percentage of slow fibers during the same life span. These data reflect changes in the innervation of the soleus and EDL muscles with neuropathy and associated impairment in neuromuscular performance.
An IF Regimen Attenuates Distal Nerve and NMJ Abnormalities
Previously, we have shown that a 5-month-long IF regimen supports locomotor function and proximal sciatic nerve myelination in TrJ neuropathic mice (25) . With regard to neuromuscular communication, it is known that lifelong calorie restriction can attenuate normal aging-related alterations at the NMJ (23) . Therefore, we asked whether a 5-monthlong IF regimen affects distal nerve myelination and the integrity of NMJs. To determine this, we analyzed wholeYsoleus muscle lysates from TrJ mice fed ad libitum (AL) or IF diet for myelin and axonal proteins using Western blots (Fig. 6A, C) . The levels of myelin proteins P0 and MBP seemed higher in samples from the intervention group versus AL-fed littermates, a trend that was significant on semiquantitative analyses of independent samples (Fig. 6B) . Although the improvements in myelin protein expression were significant when compared with those in AL-fed TrJ mice, the levels did not recover to those in age-matched Wt mice. In comparison, although there was a visible increase in pNFH (Fig. 6C) , these changes are not significant when examined from multiple independent samples. Nevertheless, the levels of SMI32-reactive proteins significantly decrease in mice on the IF regimen (Fig. 6D) and were similar to those in Wt mice. The discrepancy in glial but not axonal improvements may indicate a differential response of Schwann cells and neurons to the IF regimen.
To corroborate the biochemical findings, we performed immunohistochemical analyses on longitudinal sections of soleus muscle from AL and IF-fed TrJ mice (Fig. 6E, F) . Immunostaining for myelin and neurofilament proteins revealed prominent MBP-positive myelin sheaths within the tibial nerve of IF-fed neuropathic mice (Fig. 6E, arrows) and fewer demyelinated axonal segments (Fig. 6E, arrowheads) . Next, we assessed soleus muscles from the mice for NMJ innervation using anti-pNFH antibodies and >-BTX (Fig. 6F) . As shown in the representative images, the alignment of pNFH-positive nerve terminals with >-BTXYreactive postsynaptic sites was improved in samples from the IF group. Indeed, quantification of the percentage of intact NMJs revealed a significant improvement in the intervention group versus AL-fed TrJ mice (Fig. 6G) . Thus, the 5-month-long IF regimen preserved myelin protein expression in distal nerves within the soleus muscles and offered benefits for the innervation of muscle synapses.
DISCUSSION
Our study demonstrates progressive deficits in distal nerve segments in TrJ mice that are associated with impaired neuromuscular performance. Similar to findings in neuropathic patients (39) , the abnormalities arise in the longest nerves of the body, in this case, those that innervate the hind paws. At 2 months of age, TrJ mice are already debilitated in behavior paradigms requiring hindlimb strength and coordination, whereas deficits in forepaw function only became significant at approximately 5 months. These abnormalities in neuromuscular performance are paralleled by loss of myelin proteins in distal nerves, alterations in NMJ innervation, and skeletal muscle atrophy. As we previously showed, the IF intervention attenuated many of these functional deficits in TrJ mice (25) , and, as illustrated here, supported the maintenance of distal myelin and innervation of NMJs. Overall, our findings support the notion that hereditary diseaseYlinked myelin damage affects distal axonal segments and impairs nerve-muscle communication. The mechanisms by which genetic defects within myelinating Schwann cells lead to distal nerve retraction, nerve-muscle synapse dysfunction, and skeletal muscle atrophy are not known but likely to involve multiple pathways.
Studies in rodent models of CMT neuropathies have provided critical insights for understanding the pathogenesis of hereditary demyelinating disorders and offer models for therapy testing (16) . However, previous studies of disease pathogenesis have largely focused on Schwann cell demyelination rather than distal axons or neuron-muscle synapses. In one of the early reports on the Trembler mouse, which was later shown to harbor a point mutation in the fourth transmembrane domain of PMP22 (9), Gale et al (40) found terminal sprouting, ultrastructural alterations of the end plates, and atrophic muscle fibers. The abnormalities in muscle tissue were linked with hypomyelination of the nerves and were present at 18 days of age, which suggests that these mice were homozygous for the Trembler allele. In a more recent study of a PMP22-overproducing transgenic mouse, in addition to axonal sprouting and NMJ loss, partial muscle denervation was observed (28) . The findings in our report agree with these observations and reveal commonalities among 3 distinct mouse models of hereditary demyelination, although with some differences in temporal aspects.
With regard to changes in muscle biology, we extended our study to include muscle fiber typing and analyses of a biochemical marker of muscle atrophy, namely, MuRF1. Investigations from rodent models indicate that, in response to atrophy or experimental denervation, muscle tissue undergoes adaptive changes that include an increase in MuRF1 protein expression and switch in fiber type (35, 38) . It is of note that, while at 2 months of age TrJ mice are already severely impaired on the Rotarod and the rearing task, the tested biochemical and morphologic markers only revealed fiber type switch in the EDL. It is possible that the early abnormality in neural innervations altered the normal fiber phenotype development of the fast-twitch EDL and had less of an impact on the predominantly slow-twitch soleus. This hypothesis is supported by studies in mouse embryos, where neural innervation was shown to be critical in determining future muscle phenotype (41) . Studies from other neurodegenerative diseases highlight the susceptibility of predominantly fast-twitch muscles to denervation-induced fiber-type changes (29) , which is consistent with our findings in TrJ mice. In addition, early changes in the electrophysiologic properties of the muscle and/or the nerve tissue can contribute to functional impairments in the absence of detectable changes in steady-state markers of muscle atrophy. Indeed, a previous publication on 1-month-old TrJ mice detected approximately 20% reduction in motor nerve conduction velocity, which is similar to what has been reported in CMT1A patients with point mutations (17) . Furthermore, it is feasible that distal muscles of the hind paws were more affected, which could have impacted performance on the Rotarod. Consistent with this hypothesis, magnetic resonance imaging studies of CMT1A patients with minimal disease phenotype detected selective involvement of intrinsic foot muscles (42) .
Electrophysiologic properties of neurons are closely linked with the correct expression and localization of axonal proteins and influenced by functional communication with glial cells. Myelination is known to influence the subcellular structure of axons, as in the absence of normal myelination, such as in the Trembler mouse, both quantitative and qualitative properties of slow axonal transport are altered (43) . One biochemical marker of axonal degeneration is measurement of the ratios of neurofilament protein isoforms (44, 45) . It was recently reported that, in the absence of normal myelination, there is an increase in the number of nerve fibers that contain nonphosphorylated NFH, as detected with the SMI32 antibody (46) . Using this approach, we found a statistically significant increase in SMI32-reactive NFH in soleus samples from 2-and 10-month-old TrJ mice. In comparison, the reduction in phosphorylated NFH within the same lysates was only significant in the older animals. This late decrease in phosphorylated NFH may be a reflection of axon caliber reduction and is in agreement with the progressive nature of the neuropathy, which leads to pronounced axonal degeneration, including a decrease in fiber diameter (18, 33, 47) . Subtle biochemical changes in axonal proteins that underlie the behavioral abnormalities in young animals may occur at more distal sites, such as the paws, and contribute to alterations at the NMJ. Alternatively, it is possible that the NMJs in the most distal nerves of TrJ mice are never properly developed, which would agree with the electrophysiologic data from the hind feet of 30-day-old animals (19) . Finally, it was recently shown that a 10-day-long short-term demyelination injury can cause significant deficits in locomotor behavior without any change in nerve morphology (48) . Therefore, the subcellular alterations that underlie the neuromuscular deficits in TrJ mice likely involve multiple mechanisms within Schwann cells, neurons, and myofibers.
In addition to genetic insults, normal aging has a pronounced effect on neuromuscular performance, as well as peripheral nerve morphology and NMJ integrity (49) . Studies have shown marked alterations along the entire length of peripheral nerves in aged animals, which include myelin and axonal structures (50) . In multiple model systems, it is found that neurons with the longest projections are the most prone to age-related abnormalities (51), a result that is recapitulated in TrJ mice. As shown in the results, the neuromuscular tasks that depend on hindlimb function deteriorated before those requiring the front paws. This finding agrees with the detection of early abnormalities in the feet of CMT1A patients, which lead to pes cavus with time (42) . Therefore, the combined influence of aging and a neuropathic genetic background gives rise to abnormalities that surface in the longest nerves of the body.
Interventions that can slow or reverse age-and genetically linked degenerative changes within the neuromuscular system are of great interest. In a previous study, it was reported that a lifelong calorie reduction in mice supports nerve-muscle innervation, including the structure of NMJs (23) . Similarly, we have observed the maintenance of myelin and axonal organization as well as preservation of muscle function in 38-month-old rats that were kept on a lifelong calorie-restricted diet (52, 53) . The nerves of diet-restricted animals showed a significant decrease in aging-associated abnormalities, including the levels of oxidized and misfolded proteins (21) . Moreover, calorie restriction in Drosophila prevented aging-related reduction of synaptic vesicle release from motor neurons (54) , indicating that dietary restriction can impact neuronal output. Because neuropathic mice are unable to groom past 1 year of age, our studies with diet restriction used a 5-month-long IF regimen, which improved neuromuscular function in both hind and front paws (25) . Analyses of the soleus muscle from such mice reveal that these improvements are in part mediated by maintenance of myelin and NMJ integrity. These data demonstrate that the pathologic changes in muscles of TrJ mice are amenable to therapy. Dietary restriction acts on multiple protein homeostasis mechanisms, including autophagy and the heat shock pathway (49) . It is of interest to identify compounds that mimic the beneficial effects of dietary restriction because these therapies might be capable of preserving muscle function in healthy aged subjects and/or attenuate deficits in neuropathic patients.
